Objectives: Vocal fold scarring remains a therapeutic challenge. A new regenerative approach is needed to restore disorganized extracellular matrix. Tissue regeneration requires appropriate cells and a scaffold. Bone marrow-derived mesenchymal stromal cells (BMSCs) are multipotent and secrete many kinds of growth factors to regenerate tissues. Atelocollagen sponges have many large pores that permit cell entry. The present study was performed to evaluate whether implantation of an atelocollagen sponge plus BMSCs is effective for the treatment of vocal fold scarring.
INTRODUCTION
Vocal fold scarring occurs after inflammation, injury, surgical treatment, or radiotherapy. It causes tissue contracture, increases the stiffness of the vibratory structure, and inhibits propagation of normal mucosal waves. It also leads to phonation disorders such as hoarseness or aphonia, and decreases quality of life.
Previous histologic studies of vocal fold scarring have revealed changes in the organization and distribution of extracellular matrix (ECM) components, such as dense and/or disorganized type I collagen deposition, decreased and fragmented elastin fibers, increased fibronectin content, and occasional decreases in hyaluronic acid (HA). [1] [2] [3] [4] [5] [6] [7] The abundance and distribution of the ECM support vocal fold biomechanical performance for phonation, and disruptions such as vocal fold scarring are detrimental to the voice. 1, 8, 9 Many approaches have been used to treat vocal fold scarring. Injection of calcium hydroxylapatite, fat, or collagen gels results in an augmentation effect that can improve glottal insufficiency. [10] [11] [12] However, these effects have been shown to be temporary, and restoration of a normal ECM distribution could not be achieved. Thus, a new regenerative method is needed that can restore ECM and pliable mucosa.
For the treatment of vocal fold scarring, our group has explored a novel approach to regenerate vibratory tissues using tissue engineering methods. [13] [14] [15] [16] Tissue engineering consists of three elements: cell, regulatory factor, and scaffold. It is believed that tissue regeneration will be achieved when appropriate cells are provided in an optimal scaffold. 17 We previously reported the efficacy of implantation of bone marrow-derived mesenchymal stromal cells (BMSCs) including mesenchymal stem cells into injured vocal folds. 13 In that study, BMSCs in a 2% collagen solution were injected into the injured vocal folds. This procedure improved wound healing both morphologically and histologically, suggesting that BMSCs might be useful for restoration of vocal fold mucosa. A subsequent study 18 also confirmed that injected BMSCs differentiated into several lineages of mature cells, including endothelial, mesenchymal, muscular, and cartilaginous cells.
A scaffold maintains space for regeneration and enhances the efficacy of implanted cells. Terudermis (Terumo Co, Tokyo, Japan) is a dehydrothermally cross-linked atelocollagen sponge derived from calf dermis. Strong fibrillar atelocollagen and heat-denatured atelocollagen, which promotes excellent cell migration, are mixed at a ratio of 9 to 1 and lyophilized to create a layer of collagen sponge about 5 mm thick. This sponge has many large pores that permit cell entry, and it is degraded gradually in vivo by endogenous collagenase. 19, 20 We previously reported that BMSCs can adhere to an atelocollagen sponge and proliferate in vitro. 21 An atelocollagen sponge is considered to be an appropriate scaffold for stem cell implantation. We also implanted an atelocollagen sponge into stiffened human vocal folds. In most cases, mucosal wave and acoustic parameters showed gradual improvement at 6 to 12 months after surgery. 22 However, the effects varied among different subjects, suggesting that scaffolding alone may not be sufficient to regenerate the vocal folds.
In the current study, we examined the effects of atelocollagen sponge and BMSCs in the treatment of vocal fold scarring in a canine model, paying particular attention to restoration of the ECM components and to the effects of BMSCs on scarred tissue.
MATERIALS AND METHODS
Animals. Twelve beagle dogs weighing 8 to 13 kg were used in this study. All experimental protocols were approved by the Animal Research Committee of the Graduate School of Medicine, Kyoto University. Animal care was provided under the supervision of the Institute of Laboratory Animals of the Graduate School of Medicine, Kyoto University.
Atelocollagen Sponge. The use of Terudermis in human patients with any dermal or epidermal defects of the skin or mucosal tissues is allowed by the Ministry of Health, Labor, and Welfare in Japan. The possibility of mad cow disease caused by this material was excluded.
Harvest and Cultivation of Autologous BMSCs. All animals were sedated under general anesthesia with intramuscular injections of ketamine hydrochloride (5 mg/kg; Sankyo Co, Tokyo) and xylazine hydrochloride (2 mg/kg; Bayer, Tokyo). Initially, 2 mL of bone marrow was aspirated from each dog's humerus. The bone marrow cells were placed in a 200-cm 3 flask with 15-mL Dulbecco's modified Eagle's medium (Gibco, Invitrogen Co, Carlsbad, California) containing 10% fetal bovine serum and an antibiotic-antimycotic mixture (Gibco, Invitrogen Co). The cells were incubated in 5% carbon dioxide at 37°C (MCO-17AIC carbon dioxide incubator; Sanyo Co, Osaka, Japan) for 72 hours to allow BMSCs to adhere to the bottom of the flask. After 3 days, the culture medium containing unnecessary nonadherent cells, including hematopoietic cells and waste products, was removed, leaving behind only adherent cells on the bottom of the flask. Fresh medium was then added and exchanged twice a week until the cells reached confluence. When the BMSCs were confluent, the cells were lifted enzymatically from the flask with 0.25% trypsin with ethylenediaminetetraacetic acid (Gibco, Invitrogen Co) and were passaged to further expand the BMSC culture. Just before implantation, BMSCs were again detached from the bottom of the flask with 0.25% trypsin with ethylenediaminetetraacetic acid. After neutralization of the trypsin solution and thorough washing of the cells with Dulbecco's modified Eagle's medium containing 10% fetal bovine serum and an antibiotic-antimycotic mixture, the BMSCs were counted with a hemocytometer (Bright-Line; Becton Dickinson, Franklin Lakes, New Jersey) and collected by centrifugation at 3,500 rpm for 3 minutes (LX-120 centrifuge; Tomy Co, Tokyo). The BMSCs were diluted to 2.0 × 10 7 cells per milliliter with phosphate-buffered saline solution. One million cells were seeded into a 5 × 3 × 3-mm atelocollagen sponge by means of a syringe with a 24-gauge needle.
Surgical Procedure. The surgical procedures that were used for generating the vocal fold injury models were established in previous studies. 15, 16 Eight beagles were sedated under general anesthesia with intramuscular injection of ketamine hydrochloride (5 mg/kg; Sankyo Co) and xylazine hydrochloride (2 mg/kg; Bayer). The glottis was visualized with a direct laryngoscope, and the vocal folds were bilaterally injured by stripping the entire layer of the lamina propria down to the thyroarytenoid muscle with microscissors and microforceps under a microscope. Two months after stripping the lamina propria, the vocal folds of all dogs were totally re epithelialized.
Next, implantation of an atelocollagen sponge was performed with the direct laryngoscope as described above. Before the treatment, the similar appearance of the scarred vocal folds on both sides was confirmed with laryngeal endoscopy. The free edge of the vocal fold was grasped with microforceps and retracted medially. A vertical incision along the longitudinal axis of the vocal fold was made on the superior surface of the vocal fold with microscissors. Finally, a subepithelial pocket was created between the epithelium and the thyroarytenoid muscle, in which an atelocollagen sponge was to be implanted. Subepithelial pockets were made bilaterally. The beagles underwent implantation of an atelocollagen sponge (collagen group; n = 4) or an atelocollagen sponge with BMSCs (collagen-BMSC group; n = 4) into the subepithelial pocket of one vocal fold. As an internal control, nothing was implanted into the contralateral vocal fold. The treated sides were alternated randomly. The wounds were covered by fibrin glue (Bolheal; Kaketsuken, Kumamoto, Japan) to prevent loss or dislocation of the implanted material.
Another experimental design was set up using 4 dogs to evaluate the mucosal wave of atelocollagenimplanted vocal folds by comparing them to normal vocal folds by vibratory examination of excised larynges. A unilateral vocal fold scar was created by the same procedure described above, but the other side of the vocal fold was kept intact as a normal control. Implantation of an atelocollagen sponge (collagen with intact side; n = 2) or an atelocollagen sponge with BMSCs (collagen-BMSC with intact side; n = 2) into subepithelial pockets of the scarred vocal folds was performed as described above, whereas the normal side had no intervention.
The vocal fold scars were allowed to mature for 6 months in all groups. This period of vocal fold scar maturation was determined on the basis of data from Rousseau et al, 3, 4 who proposed that it takes 6 months for vocal fold scarring to mature in canine and rabbit models. All animals were euthanized 6 months after the surgery by intracardiac injection of pentobarbital sodium (25 mg/kg; Dainippon Pharmaceutical Co Ltd, Osaka). The larynges were harvested immediately and used for vibratory examinations. They were then subjected to histologic examination.
Setup for Vibratory Examination of Excised La-rynges. Vocal fold vibrations were examined with an excised larynx setup developed in previous studies. 14, 16 For better visualization of the vocal fold supraglottic structures, including the epiglottis, we removed the false vocal folds and aryepiglottic folds after resection of the superior portion of the thyroid cartilage. The arytenoid cartilages were sutured together, and an arytenoid adduction procedure was performed bilaterally by using a 3-0 Prolene suture to close the glottis. The larynx was mounted on a table, and an intubation tube was inserted into the trachea and clamped tightly. Air was pumped through the tube to generate vocal fold vibrations. During the vibratory examination, saline solution was dripped onto the vocal folds to keep them moist. A highspeed digital imaging system (Memrecam ci; NAC Image Technology, Osaka) was used to record vocal fold vibrations from the superior view. The camera was mounted 50 cm above the larynx, and the image was displayed on a monitor. The images were recorded at a frame rate of 2,000 frames per second, and the images were then scanned into a computer. The amplitude of the mucosal wave was measured to evaluate the mucosal vibration and elasticity of the vocal fold structures, especially the lamina propria, by using ImageJ software. 23 The distance (d1) from the midline of the glottis to the free edge of the vocal fold was measured at the anteroposterior middle portion of the vocal fold during the closed phase. The closed phase was recognized by the motion of the upper and lower lips of the vocal folds. The same distance (d2) was measured at the maximum open phase. The mucosal wave amplitude was defined by subtracting d1 from d2 and was normalized by dividing this number by the anteroposterior length of the glottis, from the anterior commissure to the vocal process (L). Therefore, the normalized mucosal wave amplitude (NMWA) = (d2 -d1)/L × 100. To determine the difference of the degree of improvement, we calculated the change rate of the NMWA (CR-NMWA) as the NMWA of the implanted vocal fold divided by the NMWA of the shamtreated vocal fold.
Histologic Examination. Immediately after the vibratory examinations, the larynges were fixed in 10% formaldehyde for later tissue examination. The larynges were subsequently embedded in paraffin, and 5-μm-thick serial sections were prepared in the coronal plane from the anteroposterior middle portion of the vocal folds. Collagen, elastin, and HA in the lamina propria of each vocal fold were examined with light microscopy. Elastica-van Gieson staining was performed to identify collagen and elastin. Alcian blue staining was used to identify HA. A hyaluronidase digestion technique was used to detect C A B D HA. Images were captured with a Biore vo BZ-9000 microscope (Keyence Corp, Osaka). The sections were examined at 4× to 40× magnification. The thickness of the lamina propria (TLP) was assessed to determine the degree of scar contraction and was determined by measuring the distance from the free edge of the vocal fold down to the thyroarytenoid muscle. The areas of stained HA and dense collagen deposition (DCD) in the lamina propria were measured by software (Biorevo BZ-H1C and BZ-H1M; Keyence Corp). This software automatically measures the area of a designated color in a slide. The color of HA and collagen was designated by the examiner. To determine the difference in the degree of improvement, the change rates of TLP and of the stained areas of HA and DCD were calculated. The change rate of TLP (CR-TLP) was the TLP of the implanted vocal fold divided by the TLP of the sham-treated vocal fold; the change rate of HA (CR-HA) was the area of stained HA in the implanted vocal fold divided by the area of stained HA in the sham-treated vocal fold; and the change rate of DCD (CR-DCD) was the DCD of the implanted vocal fold divided by the DCD of the sham-treated vocal fold. These assessments were performed in a blinded fashion, in which the examiners were not in-formed which slide belonged to each group.
Statistical Analysis.
A paired t-test was used to ascertain differences in the NMWA, the TLP, and the areas of stained HA and DCD between the implanted vocal fold and the sham-treated vocal fold. A Welch's t-test was used to ascertain differences Fig 2. A,B ) Normalized mucosal wave amplitude was significantly improved by implantation of atelocollagen sponge. C) Change rate of normalized mucosal wave amplitude was significantly higher in collagen-BMSC group (Col-BMSC) than in collagen group (Col). in CR-NMWA, CR-TLP, CR-HA, and CR-DCD between the collagen group and the collagen-BMSC group. We considered p values less than or equal to 0.05 as statistically significant.
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RESULTS
Vibratory Examination of Excised Larynges.
The vibratory examination of the excised larynges showed better mucosal vibration in both implanted vocal folds, especially in the collagen-BMSC vocal folds, compared with the sham-treated vocal folds. Figure 1 shows representative cases in the collagen group (Fig 1A) and the collagen-BMSC group (Fig 1B) . The sham-treated vocal folds were bowed, and the mucosal vibration was limited. However, the vibrations were improved in the implanted vocal folds and were comparable to those in the normal vocal folds of the two groups with an intact side (Fig 1C,D) . A paired t-test revealed a significantly higher NMWA in the implanted vocal folds than in the sham-treated vocal folds (Fig 2A,B) . The CR-NMWA values were significantly higher in the collagen-BMSC group than in the collagen group ( Fig  2C) .
Histologic Examination. Histologic examinations revealed better restoration of ECM in both implanted vocal folds, compared with the sham-treated vocal folds. Figure 3 shows representative cases: a vocal fold from the collagen-BMSC group (Fig 3A-C) , a vocal fold from the collagen group (Fig 3D-F) , Fig 3G-I) , and a normal vocal fold (Fig 3J-L) . We found minimal DCD in the implanted vocal folds, whereas there was excessive collagen deposition in the sham-treated vocal folds. Elastin appeared to be well organized in the implanted vocal folds, whereas it was decreased and fragmented in the sham-treated vocal folds. HA appeared to be abundant in the implanted vocal folds, whereas it was decreased in the sham-treated vocal folds. There were no remarkable findings in terms of the underlying muscle.
The TLP was significantly greater in both of the implanted vocal folds than in the sham-treated vocal folds, whereas there was no significant difference between the implanted vocal folds (Fig 4) . HA was significantly more abundant and DCD was significantly decreased in both kinds of implanted vocal folds compared with the sham-treated vocal folds. These changes were significantly greater in the collagen-BMSC group than in the collagen group ( Figs  5 and 6 ).
No residual atelocollagen sponge was found in any specimen.
DISCUSSION
It is challenging to treat vocal fold scarring because of the difficulty of replacing scar tissue with innate ECM, such as HA or elastin. Injection of deficient ECM has some effect; however, this effect is temporary, because the exogenous ECM is gradually degraded in vivo. Thus, a regenerative approach to induce organized endogenous ECM in scarred regions is needed to achieve optimal results. For this aim, wound healing models of the vocal fold have been widely adopted using animals, including dogs, rabbits, and rats. In these models, the vocal fold is injured and then treated with various materials such as cells, growth factors, and/or implantable materials. The most important aspect of such studies is to create the same injury and scarring, ideally, or a similar one; however, it is impossible to create completely identical scarring because of different mechanisms of wound healing in different individual animals or even in the same animal. We have performed the same technique to create similar scarring as much as possible using fine microdissection under a microscope. In this study, we also randomized the side of treatment and set up an internal control. This is probably the limit of what we can do in this kind of study design; however, we still believe that the present study provides a clue to development of new treatment for vocal fold scarring. Fig 6. A,B ) Area of dense collagen deposition in lamina propria was significantly reduced by implantation of atelocollagen sponge. Collagen-BMSC group showed significantly less dense collagen deposition than did collagen group. C) Change rate of dense collagen deposition. Fig 4. A,B ) Thickness of lamina propria was significantly increased by implantation of atelocollagen sponge. C) No significant difference in change rate of thickness of lamina propria was observed between two groups. Fig 5. A,B ) Area of stained hyaluronic acid in lamina propria was significantly increased by implantation of atelocollagen sponge. C) Change rate of hyaluronic acid was significantly higher in collagen-BMSC group than in collagen group.
The therapeutic concept of scaffold implantation is to retain a space for regeneration in scarred tissue. In this sense, a liquid-type scaffold may not be ideal, because liquid is easily diluted and absorbed. Thus, we chose a sponge-type scaffold. An atelocollagen sponge allows BMSCs to adhere and proliferate on it. 21 It is also degraded gradually, in parallel with the restoration of the ECM in vivo. This material is easy to shape to fit the donor site, and it can be easily placed in a scarred vocal fold by the microflap technique under direct laryngoscopy. Thus, this material may potentially be used in regenerative medicine.
Space for regeneration is retained in the lamina propria by implantation of an atelocollagen sponge. In this study, the TLP was found to be greater on the implanted side than on the control side 6 months after the implantation, even though no residual atelocollagen sponge was found in any specimen. The implanted atelocollagen sponge was considered to be replaced by regenerated tissues and showed an augmentation effect in the lamina propria. Even though this augmentation effect showed no statistically significant differences between the collagen group and the collagen-BMSC group, the NMWA was found to be better in the collagen-BMSC group than in the collagen group. This is because there were differences of ECM proportion in the regenerated tissue between the collagen group and the collagen-BMSC group. Implantation of an atelocollagen sponge significantly increased the levels of HA, while decreasing DCD and improving mucosal wave vibration. Implantation of BMSCs significantly enhanced this ECM restoration. As mentioned above, mucosal vibration depends on the ECM distribution. Upon implantation of a scaffold, an influx of cells from the surrounding tissues is expected to generate new tissue inside the scaffold. The present results do show such regenerative effects; however, because the regenerative process varies with different individuals, these effects may not be seen consistently. The current study demonstrates that implantation of a scaffold with BMSCs is more effective in restoring vi-bratory and histologic properties than is implantation of a scaffold alone.
The BMSCs include a large population of mesenchymal stem cells, which are multipotent and can differentiate into several types of cells, such as neuronal, adipose, muscle, or endothelial cells, as well as mesenchymal cells. [24] [25] [26] The BMSCs also show regenerative effects as a source of growth factors, including hepatocyte growth factor (HGF). HGF is a potent mitogen for mature hepatocytes. It also has strong antifibrotic effects in various regions. 27 Administration of recombinant HGF to bleomycin-treated mice increased lung matrix metalloproteinase activities involving ECM-degrading enzymes. 28 HGF stimulated the production of HA and decreased the production of collagen type I from fibroblasts in Reinke's space. 29 Administration of HGF using a gelatin hydrogel to achieve a gradual release significantly improved vibratory properties and reduced excessive collagen deposition and tissue contraction, with favorable restoration of elastin and HA in matured, chronic vocal fold scarring in a canine model. 30 Transplantation of mesenchymal stem cells into myocardium increased the expression of both HGF messenger RNA and HGF protein in the myocardium, and it also attenuated cardiac fibrosis. 31 The restoration of ECM found in this study may be attributed in part to this function. Future stud ies will clarify how implanted BMSCs contribute to ECM restoration in vivo.
CONCLUSIONS
The present study demonstrated that implantation of an atelocollagen sponge with autologous BMSCs into scarred vocal folds significantly increased HA distribution and decreased DCD in the lamina propria, leading to better mucosal vibration. These results suggest that implantation of an atelocollagen sponge with autologous BMSCs has a therapeutic effect and may be useful for the treatment of vocal fold scarring.
